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A method  la  described  for  studying  the  thermal  shock  character  "tic. 
of  a brittle  material.  An  analysis  of  the  thermo -stresses  developed  in  a 
"homogeneous",  "isotropic"  so1 id  sphere  has  led  to  the  formulation  of  an 
equation  relating  the  physical  properties  of  the  tody  to  the  temperature 
difference  causing  failure  and  time  l:>  luoxim.ur.  stress  in  a single  cycle 
unsteady  state  test.  The  thermal  shoe:-,  test  consists  of  plunging  a sphere 
at  one  uniform  temperature  into  a medium  at  another  temperature.  If  fracture 
_ccurs  the  time  to  frac^uro  js  recorded.  A large  number  of  tests  are  run 
xc  determine  the  temperature  difference  vhich  causes  5~v  s>f  the  spheres 
to  fracture.  The  thermal  or.  .ok  relationships  were  tested  using  Goers’ 
high  a lamina  body.  The  physical  properties  relating  to  the  thermal  shock 
equations  wore  measured,  ar.d  calculated  temperature  differences  causing 
fnil'ir°  and  times  t'  ’.maximum  streto  v.  re  compare-.1  v’ith  values, 

Guff  io  lent  agreement  was  f.uc'l  ' 


i:oF:dtjctic:i 


Thermal  shock  resistance  is  that  property  of  a body  vhich 
enables  in  to  withstand  sudden  and  severe  temperature  changes  without 
fracturing.  This  ability  to  withstand  thermal  shock  depends  upon  such 
factors  as  comp  sit  ion,  shape,  size,  temperature  distribution,  manner  of 
heating  and  cooling,  and  the  inherent  strength  of  the  body.  In  many 
app'i  *rat. 5 r.ns , it  is  imc'rbant  to  knew  how  the  physical  properties  of  a 
material  will  affect  its  ability  to  withstand  thermal  shock.  An  initial 
approach  to  this  pr  tlem  becomes  that  of  establishing  the  conditions  vhich 
will  cause  ■ he-  thermal  stresses  In  the  body  to  exceed  the  breaking  strength. 
Vhen  a b^dy  is  healed  cr  c'ch-d  the  difference  in  temperature  between  the 
different  regions  sr-ts  op  stresses  which  may  be  analyzed. 

'Jeramic  materials  exhibit  relatively  poor  thermal  shock  resistance, 
sr;  compared  to  metals.  T'r  '• r»  1 s rxrh&ps  the  main  barrier  to  the  extensive  use 
of  refractories  in  jet-propulsion  ur.d  rocket  engines,  because  nan-ductile, 
i.o.,  brittle  ceramic  materials,  possess  many  desired  properties,  such  as 
strength  at  high  temperatures  and  high  melting  points,  there  is  considerable 


Interest  in  the  spalling  behavior  of  these  materials. 

The  p’rrpoRe  of*  t.Viir.  investigation  was  to  determine  the  thermal  shock 
resistance  cn  heutir.g  and  c ‘.cling  a brittle  solid  sphere  and  to  compare  the 
experimental  results  with  the  theoretical  equations. 


THEORETICAL  CONSIDERATIONS 


In  this  paper, the  thermal  shock  resistance  of  any  body  is  defined 
at  the  maximum  initial  temperature  difference  between  the  body  and  its 
surroundings  which  the  body  cau  withstand  without  fracturing.  Fracture  is 
assumed  to  take  place  when  the  tensile  stress  at  a point  exceeds  the  strength 
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of  the  body. 


1.  General 

The  theory  of  elasticity  is  contained  fom^lly  in  the  linear  elastic 
equations  which  relate  the  components  of  stress  *»)  to  the  components 

of  strain  (£t 

.-r.i-'---  -*  "•: -:.T  -•  -i  r'i".'  5o32£iS5!|?. 

Ci-k.  t * «/A  + £ co/i  K ««  1,1 

where  r<;  ^ , , Men  t * ^ «,<*,<,<*  H» 

c c -s*  ft 


together  with  a cartesian  coordinate  system  (,*.  i)  for  the  location  of  the 
material  points  of  the  body.  The  constants  'f'  and  ^‘characterize  the 
elasticity  of  the  body  completely  and  ?tre  related  to  Young's  Modulus  and  the 
Modulus  of  Rigidity.  Equation  (1.1)  is  applicable,  then,  only  to  homogeneous, 
isotropic  bodies. 

That  thefi'v  fca re  symmetric  (c  i.K  6 *4  is  proved  easily  by 
considering  the  rotational  equilibrium  of  an  infinitely  small  parallelopiped 
about  the  coordinate  axes.  The  tensor  character  of  the  <5  t.‘  ~P.  is  proved 
from  the  translational  equilibrium  of  an  infinitely  small  tetrahedron. 

The  strain  components^/.  can  be  defined  in  terms  of  the  strain 
metric:  Two  infinitesimally  near  material  points  which  initially  have 

coordinate  differences  c/xt  will,  after  the  body  is  distorted,  be  separated 

by  a distance: 


dSZ  = l (u\i  k t 6c  'A  ) dxj>  <*xh 

---•  - 

* *•  • ■«>»-»>.■».-.  ~ 

L.  I ■ * ili.nr  ..-.lii  I 1.1.I1  II  life  II-  --'nrvMii  -a'-  8,1  ' m - 1 
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The  symmetry  and  tensor  character  of  the  (iX  is  easily  inferred 
frcrn  the  form  of  eq.  (1.2).  In  the  following  we  shall  use  the  convention  of 
summing  over  these  indices  which  appear  twice  in  the  same  term.  Thus,  e.g. , 
eq.  (1.2)  can  be  rewritten: 

r/sa-  (Sit  Ci  dxc  4x&  luSk 


In  general  the  stress  distribution  <T  t.  jk.  is  not  given,  but  must  be 
calculated  from  a known  distribution  of  body  forces  per  unit  volume  and  surface 
forces.  Denoting  the  components  of  the  force  per  unit  volume  by  Xu  , an 
application  of  Green’s  Theorem  for  surface  integrals  yields  the  equilibrium 
cond it ions : 

Xi  ~ -j  V c s 1.3 

ri  x S 


, 1 1 

If  the  tody  is  initially  unstrained  the  r t H are  subjected  to  the  restrictions 
(compatibility  conditions): 


- £ c } Qj  'Xi  +■  € P-1  ftj  C-;  ^ - ' ( <■  ? ) 


y 
’*>  > 


- 6 -4.rr.yi,  h<>  1‘4 


where  the  comma  (,)  denotes  partial  differentiation  with  respect  to  the 
coordinate  whose  index  follows.  The  system  (1.4)  constitutes  six  algebraically 
independent  equations.  The  system  (1.4),  (1.1),  (1.3),  therefore  contains  15 

t ^ 

equations  in  the  12  functions  (Tt  $ and  . Such  a system  would  in  general 
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be  over -determined  were  it  not  for  the  existence  of  3 identities  connecting 
the  equations.  These  are  indeed  given  by  the  three  "Bianchi"  identities  for 
the  pL  : 


r/ 


n /- 


'n 


+■  Pc  Pi 


^ $ 


M r Pc  is 


v j 


1 c; 


The  system  (1.4),  (1.1),  (1.3),  is  therefore  cOTnplete  and  not  ov,',r-d°terrr’.ined . 
?.  The  Thermo -Elastic  Equations 

In  case  a non-unlforr  temperature  distribution  exists  in  the  body, 
eq.  (1.1)  must  be  modified  to  ta'r.e  into  account  the  distortion  of  volume 
elements  resulting  from  the  thermal  expansions.  Vie  replace  (l.l)  by: 


iT  i-Pi  a Y*  f . t ^-A 


3 - PA./.  -A  f 


2.1 


where  j~  is  the  temperature  of  the  point  with  coordinate  (x  ‘ ) in  excess  of 
some  uniform  temperature  throughout  the  bxy,  The  constant  r.  characterizes 
the  thermal  expansion  of  an  unrestrained  volume  element.  From  hereon,  we 
assume  that  the  volume  and  surface  forces  vanish  everywhere,  so  that  we  have 
to  solve  the  system: 


/■p  - A + (YS 


- 1 


- / 
Vi 


i. 


2.1 


1.3A 


&C  s - C 


3.  Thermal  Stresses  In  the  Sphere 

For  a sphere  heated  symmetrically  about  Its  center,  vt  is 
sufficient  to  write  the  £ £ In  the  form: 

6i  -fa  - B A.  l A * DxtX  fa  3,1 

where  O are  functions  of  r:  Jr ^ +■  yj£*  only,  to  be  determined. 

Instead  of  determining  the  functions  & j D directly  by  substitution 

into  the  system  (2.1),  (1.3),  (1.4), it  is  simpler  to  first  write  the  ^ L fa 
as: 

6 l fa 9 t (fij  A +-  S A i c ) 3.2 

This  expression  for  the  fa  satisfies  eq.  (1,4)  identically,  as  a short 
calculation  will  reveal.  We  can  further  obtain  the  required  form  (3.3)  ty 
setting: 


fc  = 9 x£ 

V 


3.3 


We  have,  using  eq,  (3,2): 


• i Air  1(JL  fc 


7 


By  eqs.  (2.1)  and  (1.3)  the  equilibrium  equations  reduoe  to? 


J fJ  , H /■  - > / .3 1 1 f-r 

*p  hxfr(}fvjjr.—  j- 


3.5 


t U> 


and  we  have 


a s p 

0 


r 

_£L_  , /V^./.2  j f i a.  r 4-  c 

fTu  (P)3 /j^  4 ' +cP 


a 


3.6 


In  order  that  ^ be  finite  at  i-  *-  , we  must  put  C ^ r C? 

in  the  above.  Substituting  (3.6)  into  (3.M,  we  find  along  the  ^ — axis 


rr  - r * v.  r r,\ 

-•  / '*■  7 ~ / 


/-  _n_ 

4-' 1 '-o 


o 


3.7 


<F. 


n i 


4^  j~  Lu 


r'+  £j£  + c, 

(*  J ,/  V Vb  LO 


( I 


'J 


3.6 


Cu 


y\ 

Yf’±J  ( 


V U 


(r‘f  d r'  + C' 


3.9 


and 


o-„  - 


2 I 


- £_jur  _z,v  / if- (Spar'  -hKf+Jus)  c, 
Y b uj  Ly'v  J 


3.10 





i 

u 


iLZ?  A 


o Tc  * «» Vo, 


•♦■“i JWKb&'tCr a< A .'7 r— .-  .. 


3#** 


nw 


'■V 
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at  ^ • r - the  radius  of  the  sphere,  we  muBt  have  CTn  : O . Using 
(3.10)  we  find: 


z?-'iL 

W + uj 


I- 

_£_  /9J‘0'?Jr' 

rV 

o 


Using  the  notation; 


3.12 


3.13 


3.14 


3.15 


we  car.  rewrite  (3.10),  (3.11)  as: 


i 

f 

* 

fi 

t 


3.16 


3. IT 


t 


All  the  other  stress  components  vanish  along  the  X/ 
When  the  temperature  distribution  in  the  sphere  is  known,  eqs. 
give  the  complete  solution  to  the  problem. 


axis, 

(3.10),  (3.U) 


I 
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Then  (3.20)  becomes: 


i°--  e r,„  ■&-  if3-) 

V - <^C  ( ' &tZ  si  V 


/',-  3&  I 

L < (<3+2) 


3.24 


Using  (3.16),  (3.17),  we  find; 


- - 7 /3  oX  J"  - 


o/€  *7* 

) 


P-  / 


3.26 


To  this  approximation  the  maximum  stress  evidently  occurs  for  'Jo  close 
to  unity.  The  maximum  stresses  are  therefore  approximately: 


_ *• 


~~Z-  cf-iO  .-rrp&^/s 


S't'r'Z-f-  ) 


A series  of  individual  calculations,  using  the  series  (3.18)  reveals  that 

+ * _ 

<3J,  are  given  to  vtthin  5?>  error  in  the  interval 

JS/Q<  / o by  ef.  (3.27). 
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4.  Concluding  Rensrks 

In  the  application  of  eq«  (3*27)  the  following  relationship  gives 
the  temperature  difference  causing  failure  (AT)  in  °0,,  if  the  tensile 
strength  and  Young's  Modulus  are  in  p.s.i.  and  coefficient  of  thermal 
expansion  in  °C”1  and  ^ 1 — ^ , then: 

cc  a at 


~T~  - 


CA  + <LJ  i'J 

.••f  t 


v 


I 


where  /?  = Biot's  Modulus  r r 
z Poisson's  Ratio 
£ 2 Young’s  Modulus 
- r.  s Coefficient  of  Thermal  expansion 
ot=  Breaking  Tensile  Stress 
t 2 Radius  and  //  s surface  heat  transfer  coefficient 

Equation  4,1  appearing  above  is  valid  for  the  heating  and  cooling  of  a sphere 
if  (r  }f)  is  within  the  range  of  ,1  to  10.  Within  this  range  the  above 
equation  is  accurate  within  5^*  For  ceramic  materials  heated  or  cooled  in 
air  or  in  a liquid  salt  the  ( r will  undoubtedly  fall  within  this  range. 
However,  n'nere  may  be  cix cumotances  which  require  the  use  of  an  equation 
fitting  the  extremely  large  or  extremely  small  values  of  (i'H)'  . 

f /■>%»  4*V»r*4-  neon  ♦Vizi  o r^r*inia4'  />+■  < « rrt  Inna  r>  nr/ihv  4 nr*  Kft  7 av  V\r>  t'ft  Knfi  n Q + artw  ^ tlOfl 

t-  VI  V 4.  w*  uvu  vt*v  W*t/ j Uij^  ww  w A.V  * <*-  4*t>  w*»  **•-  « w wvv  u «»•<-.  vva  •«.«  — * • 

Straight  forward  but  lengthy  calculations  using  the  series  (3.18) 
and  a second  expansion  for  ( f ) in  terms  of  error  functions,  reveals  that 


■t 

M 

F 


An  equation  which  fits  the  cooling  conditions  much  better  for  (r fj)  around  10 

appears  below: 


•>r~ 


12  - 


the  asymptotic  solutions  for  the  maximum  stress  are: 


for  >-tf  <<  1 


£ fSP 

* / - » 


7“  a*  / 


V.3 


for  77  1 


^ - *3^  a r u-  <¥  - o 

/*  ^ 


aT  j*  - / 


^.5 


Figure  1 is  a plot  of  ('7"  r-*^)  against  ( -o  ) and  indicates  the 
manner  in  vhich  the  nondime ns ional  stresses  in  the  sphere  vary  vith  changing 
Biot’s  Modulus. 

One  cf  the  advantages  of  an  unsteady  state  test  for  thermal  shock 


is  t'Httt  it  cuuulco  one  also  to  determine  t 


Wiiv  V 


lime  to  maximum  stress  for  a 


simple  shape.  The  time  to  maximum  stress,  of  course,  may  he  used  to  determine 
the  tine  at  which  failure  vill  occur  in  the  specimen  after  it  is  subjected 
to  the  single  heat  shock,  provided  the  crack  which  indicates  failure  propagates 
to  an  extent  where  it  nay  he  consistently  determined.  The  time  to  maximum 
stress  { ©>)  Is  related  to  the  radius  of  the  sphere  ( )r  ) and  the  thermal 
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diffusivity  ( a.  ) by  the  relationship  appearing  below: 


k.e 


Nondimensional  time  (f)  as  a function  of  ( ) is  shown  in  Figure  2. 

TEST INO  TECHNIQUES 


A.  Thermal  Shock  Tests 
1.  Specimens 

The  shape,  size,  and  material  of  the  specimen  used  for  the  thermal 
shock  tests  were  the  first  experimental  considerations.  The  solid  sphere 
is  a convenient  shape  for  experimental  use|  however,  forming  procedures  for 
this  shape  are  net  nr  as  for  sere  other  shares.  "Tie  deciding  factors 

in  the  selection  of  this  shape  were:  first,  very  few  assumptions  were  required 
to  match  experimental  and  theoretical  boundary  conditions  and  second,  a good 
source  was  found  for  fatricating  this  shape. 

A selection  of  the  material  tc  be  used  presented  several  problems. 

In  order  for  the  sphere  to  qualify  a?  a homogeneous  and  isotropic  material 
and  still  be  considered  an  elastic  substance  it  should  ideally  be  a brittle 
substance  of  one  c ingle  composition  and  continuous  structure.  In  addition 
this  substance  should  have  no  physico-chemical  changes  taking  place  within 
the  range  where  it  is  still  an  elastic  body  (or  at  least  over  the  temperature 
range  selected  for  study.)  The  material  selected  was  Coots'  grinding  ball 
material  designated  as  type  A.b-2  ceramic  - high  strength  alumina.  Microscopic 
examination  of  the  structtcro  of  this  material  indicated  u very  dense  uniform 
crosB  section  having  a very  high  predominance  of  one  phase  - alumina.  Although 
this  material  is  not  microscopically  homogeneous  it  is  macroscopically 

*Much  of  the  basic  data  far  this  equation  and  (4,1)  were  obtained  from 

rift  «m  ftowlm*  Deuteeher  Ingtnieure"  ED.  69,  NR.  21  MAI  23,  19^5, 

TO-u* 


homogeneous,  i.e.,  volumes  of  the  order  of  Iran?  n»y  be  considered  equivalent 
with  respect  to  E,.;C  , Sf',  .y_,  and  . Also  Coors  vas  able  to  form  all 
specimens  In  the  shapes  required  ( for  example,  the  cylinder  for  thermal 
dlffuslvlty  etc.)*  Five  ball  diameters  were  selected  for  study  - 1,  l£,  1-jb 
2,  and  3”. 


After  receipt  of  the  balls,  outwardly  imperfect  ones  were  discarded. 
All  remaining  balls  were  measured  for  degree  of  roundness,  and  a check  was 

made  on  water  absorption  (porosity),  density  and  average  diameter. 

2.  Testing 

..  Tests,  were  conducted  on  these  balls  using  two  thermal  slock  conditions 

one,  in  a salt  bath  having  a rather  high  surface  heat  transfer  coefficient 
and  two,  in  an  air  radiation  boundary  condition  with  a smaller  surface  heat 
transfer  coefficient. 

a.  Liquid  Boundary  Condition  - Heating 

After  the  balls  had  reached  uniform  room  temperature  they  were 

* 

placed  In  a fine  wire  basket  and  immersed  by  hand  into  the  salt  bath  cf  a 
prearranged  temperature.  See  Figure  3*  The  time  required  to  fracture  the 
ball  was  recorded.  Mo  difficulty  vas  experienced  in  determining  failure, 
as  the  ball3  exhibited  complete  fracture  whenever  a crack  vas  started. 

(This  fact  was  corroborated  cy  immersing  the  bull  in  Zyglv  peaetrant  and 
examining  under  ultraviolet  light  Lc  determine  fine  cracks.  The  tail  was 


then  fractured  by  impact  uud  examined  again  for  cracks.) 
occurred  the  ball  vas  not  tested  again.  At  least  ten  balls  vc-re  tested  at 
each  temperature.  The  temperature  range  where  fracture  occurred  was  studied 
and  the  (AT)  values  selected  at  a point  where  of  fracture  occurred. 

8ee  Figure  It.  This  plot  indicates  the  percentage  of  one  inch  balls  that 

*Hitec  - Manufactured  by  E.  I,  DuPont  De  Nemours  & Company 

* MCTrffutwpdl  by  Magaaflux  Corporation 
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fractured  at  each  temperature  interval,  For  this  particular  plot  $00  balls 
vere  tested.  (It  nay  be  seen  that  the  plot  approaches  a normal  distribution 
curve.)  The  time  to  maximum  stresB  (Qr  ) was  obtained  by:  first,  determining 
the  10°C  cell  centered  upon  the  temperature  corresponding  to  50$  failure  of 
the  ball  and  second,  averaging  the  times  to  failure  in  this  cell.  The 
temperature  difference  causing  failure  and  time  to  maximum  stress  vere 
determined  for  the  five  sites  of  balls,  i.e.,  1,  l£,  Tg>  2 and  3". 

b.  Liquid  Boundary  Condition  - Cooling 

After  the  balls  had  reached  uniform  room  temperature  they  vere 
placed  in  the  pipes  of  a gas  fired  furnace  shown  in  Figure  5.  Thermocouples 
were  placed  in  the  tubes  adjacent  to  the  escapement  device  and  the  gas  adjusted 
to  obtain  a uniform  temperature  on  all  lover  level  balls.  The  temperature  of 
the  salt  bath  vas  then  adjusted  to  obtain  the  proper  temperature  difference. 

At  least  10  balls  vere  dropped  into  the  salt  bath  at  each  temperature 


difference*  The  temperature  range  vhere  fracture  occurred  vas  studied  and 
the  (Z^T)  selected  at  a point  where  5C$  of  fracture  occurred.  This 
procedure  was  used  to  study  the  temperature  difference  causing  fracture  in 
the  one  and  one  quarter  inch  balls.  The  time  to  maximum  stress  could  not  be 
determined  in  these  tests  because  the  time  vas  too  short, 
c.  A ir-haa iaticn  , wuiiu t Ltuu  — 

The  ballB  vere  prepared  in  the  same  manner  for  this  test  as  for 


the  Balt  bath  heating.  After  the  furnace  had  reached  a prearranged  temperature 
the  hearth  vas  lowered  and  the  ball  placed  on  the  three -prong  support  on  the 
hearth.  See  Figure  6*  The  hearth  vas  raised  immediately,  plunging  the  ball 
Into  a uniformly  heated  chamber.  The  time  required  to  fracture  the  ball  was 
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recorded.  Again  no  difficulty  was  experienced  in  determining  failure  as  the 
balls  exhibited  complete  fracture  whenever  a crack  wae  started.  Viewing  ports 
were  provided  in  the  furnace  to  aid  in  the  determination  of  fracture  time..  If 
no  failure  occurred  the  ball  was  not  tested  again.  At  least  ten  balls  were 
tested  at  each  temperature.  The  temperature  range  where  fracture  occurred 
was  studied  and  the  T)and  ( &')  values  selected.  The  same  procedure  was 

carried  out  for  several  sires  of  balls,  i.e.,  1-k  l\,  2 and  3". 

d.  Air-Radiation  Boundary  - Cooling 

A number  of  balls  were  tested  for  the  temperature  difference 
causing  failure  upon  cooling  in  air.  The  balls  were  placed  on  the  same  three 
prong  support  used  for  the  heating  experiment.  The  hearth  was  raised  placing 
the  ball  in  the  heating  chamber  and  the  furnace  temperature  increased  until 
the  desired  elevated  temperature  was  reached.  The  ball  was  allowed  to  reach 
uniform  temperature,  then  the  hearth  was  lowered  and  the  ball  removed  from 
the  hot  three  prong  support  and  placed  on  another  similar  support  exposed  to 
the  room  atmosphere.  The  approximate  temperature  difference  causing  failure 
was  determined  for  n small  number  of  balls.  Because  of  the  nature  of  the 
boundary  condition  of  the  cooling  medium,  i.e.,  a large  volume  of  stagnant 
air  at  room  temperature,  it  was  difficult  to  clarify  the  very  scattered  results 
obtained.  (Times  to  failure  were  recorded  from  several  seconds  out  no  nearly 
an  hour,  consequently  no  data  have  been  reported). 

B.  Thermal  Expansion 

The  thermal  expansion  equipment  used  in  this  study  has  been  described 
by  A.  Liebertn&u.1  The  expansion  of  this  material  was  measured  on  a 3/8"  chip 
of  a fractured  ball  both  using  the  quartz  and  the  sapphire  dilation  ports. 

With  the  sapphire  parts,  data  were  obtained  up  to  l400°C.  A heating  rate  of 


•14  w.  B*  Crandall,  "Design  and  Construction  of  a Self- 
_ Attr  far  IIA  Temperature  ff«A*  Commie  Society  35 
0958). 


i 
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3°C.  per  minute  vas  obtained  using  a temperature  program  controller. 

C.  Thermal  Diffueivity  and  Surface  Heat  Transfer  Coefficient 

An  unsteady  state  method  vas  used  to  measure  thermal  d iff  levity 

and  surface  heat  transfer  coefficient  of  the  Coors  material.  This  method 

2 

has  been  reported  by  H.  S.  Levine  . Semi-infinite  cylinders,  1"  diameter  by 
4"  long,  were  formed  having  1/8"  holes  along  the  cylindrical  axis.  At  least, 
three  hole  depths  were  required  to  insure  accuracy  in  the  measurements. 

The  method  consists  cf  plunging  the  semi-infinite  cylinder  with  a 
thermocouple  imbedded  in  the  l/8"  hole,  into  a uniform  heat  bath,  and  taking 
temperature  readings  on  the  thermocouple  as  the  specimen  is  heated  or  cooled. 
Figure  7 is  a diagram  of  the  apparatus  used  for  air  radiation  boundary  studies. 
The  specimen  vas  placed  on  the  pedestal  support  vith  the  thermocouple  in  place. 
The  racking  device  vas  used  to  plunge  the  specimen  into  the  radiation  heat 
bath.  A portable  precision  potentiometer  was  used  to  record  the  temperature 
rise  as  a function  of  time  at  that  point  within  the  specimen.  The  test  was 
repeated  for  the  same  specimen  at  440,  600,  '300,  1000  and  1200°C  then  another 
specimen  of  exactly  similar  structure  out  different  hole  depth  was  placed  on 
the  pedestal  and  the  sane  test  run.  This  procedure  vac  repeated  fer  each  of 
4 hole  depths.  From  the  data  obtained,  thermal  diffusivity,  Biot's  Modulus 
and  Surface  Heat  Transfer  Coefficient  were  calculated  for  these  temperatures. 

So  that  duplicate  experiments  could  be  run  for  both  the  thermal 
shock  test  and  the  surface  heat  transfer  coefficient  measurement,  it  vas 
necessary  to  devise  a method  of  moving  a semi-infinite  cylinder  into  the 
saraB  heating  or  cooling  condition  as  vaB  used  to  fracture  the  balls. 
Consequently,  double  heating  chambers  were  constructed.  Figure  8 is  a 
drawing  of  the  apparatus  used  for  heat  transfer  experiments  employing  two  air 
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radiation  media  temperatures.  The  upper  furnace  was  operated  at  a temperature 
above  that  of  the  lower  one.  It  was  not  necessary  to  make  these  measurements 
with  tungsten  and  molybdenum  thermocouples  in  the  lower  temperature  range 
where  base  netal  couples  would  suffice.  The  top  furnace  in  Figure  9 vas 
operated  at  temperatures  either  above  or  below  the  temperature  of  the  salt 
bath  below  it.  Of  course  it  is  impossible  to  use  exactly  the  same  temperature 
difference  which  caused  failure  of  the  ball  because  it  would  also  cause 
failure  of  the  cylinder.  However,  a temperature  difference  as  close  to  this 
as  possible  was  used.  The  method  of  obtaining  the  thermal  constant  was  the 
same  for  these  set-ups  as  for  air,  described  in  the  previous  section. 

D.  Modulus  of  Elasticity 

The  apparatus  shown  in  Figure  10  vas  used  to  measure  Young’s  Modulus 
of  elasticity  by  a sonic  method.  Specimens  b"  Ion <z  'ey  3./3H  in  diameter  were 
used.  These  specimens  were  ground  to  shape  from  torsional  specimens  prepared 
at  J core . An  audio  oscillator  and  amplifier  with  matched  speaker  verm  used 
to  drive  the  specimen  at  one  end  by  a number  30  platinum  wire  supporting 
that  end  of  the  specimen  at  a position  ^ust  off  its  nodal  point.  A variable 
reluctance  pick-up  connected  tc  another  piece  of  number  30  platinum  wire 
picked  up  the  vibration  from,  the  other  end  of  the  bar.  The  signal  from  the 
variable  reluctance  cartridge  was  sent  tnreugn  a preamplifier  auu  amplified 
to  an  oscilloscope  or  vacuum  time  voltmeter  to  serve  as  detectors.  An  audio 
frequency  meter  of  the  'Jtcn  bridge  null  detector  type  readable  to  the  nearest 
5 cycles  was  coupled  to  the  high  impedance  line  of  the  gcueraior.  This 
meter  was  used  to  measure  the  frequency  put  out  by  the  audio  oscillator.  A 
very  simple  Globar  furnace  was  used  to  heat  the  specimen.  The  resonant 
frequency  of  the  specimen  vibrating  in  flexure  vr.s  followed  on  the  "scope" 


or  the  voltmeter  as  the  specimen  was  heated  up  to  1000  C.  From  these  data 
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tt  was  possible  to  calculate  (E)  Young’s  Modulus  using  relationships  described 
by  Pickett. ^ 

E.  Modulus  of  Rigidity 

The  nodulus  of  rigidity  (E s)  does  not  appear  in  the  thermal  shock, 
relationships,  however,  Poisson's  ratio,  and  nodulus  of  elasticity  do  appear. 
The  neccs31.Xjr  oi  ti s vu*  1.  xns  ticuu  lus  of  elasticity  suggests  that  an  indirect 
method  be  used  to  measure  Poisson's  ratio  from  the  relationship; 


Poisson's  ratio 


Modulus  of  rigidity  neacurenents  were  obtained  using  the  apparatus 
shown  in  Figure  11.  Rectangular -ended  specimens  having  a cylindrical  center 
section  were  prepared  by  Coors  for  these  tests.  The  gage  section  measured 
9/16"  in  diameter  and  I-3A"  long.  The  method  used  has  been  described  by 
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attached  to  the  ends  of  the 


gage  section  by  platinum  bezels.  An  optical  lever  system  was  used  to  measure 
the  difference  in  the  amount  of  angular  displacement  of  these  mirrors  be  one 
end  of  the  specimen  was  twisted,  the  ether  end  being  fixed.  The  modulus  of 
rigidity  was  measured  by  this  method  over  the  temperature  range  of  20  - 10C0°C. 
F.  Tensile  Strength 

Previous  work  dene  in  the  field  of  thermal  shock  has  stressed  the 
Importance  of  reliable  strength  data  and  the  knowledge  of  possible  weak 
shear  strengths  existing  in  the  test  specimen. 5 As  a result  of  this  work, 


^Pickett,  G. , "Equations  for  Computing  Elastic  Con.sta.nts  From  Flexural  and 
Torsional  Resonant  Frequencies  of  Vibration  of  Prisms  and  Cylinders",  A STM 
Proceedings  pa_  846-59,  Vol.  45,  1945. 

^Stavrolnkls,  J,  A.,  Norton,  F.  S. , "Measurement  of  the  Torsion  Properties  of 
Alumina  and  2 ire  on  ia  at  Elevated  Temperatures",  J,  A.  Cer,  Soc.  33  (9)  263-268 
(1950). 

8.8,,  ami  icaaoiooli.  C«A "Tfcerml  Shock  Bulctaaoe  of  Brittle 
MteriaU.  X (k—a  fbtcuy,  Pretested  at  the  99&  Meeting  of  the 
miwAiiii  Aftu  u,  1751. 
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a study  was  made  of  the  strength  of  the  Coors  material  by  two  methods. 

The  first  tests  were  conducted  vising  conical-eoded  test  specimens 
and  grips  6hcvn  in  Figure  12.  The  test  specimens  were  prepared  at  Coors. 
The  gage  section  was  3/8"  in  diameter  and  I-5/8"  long.  Graphite  shims  were 
used  to  cushion  the  test  specimen  against  the  high  temperature  steel  grip. 

A hydraulic  pulling  device  with  furnace  attached  was  used  to  measure  the 
tensile  strength  of  the  specimen.  The  grips  as  well  as  the  specimen  were 
enclosed  in  the  furnace.  Measurements  were  made  between  20-1000°C, 

The  second  tests  were  conducted  using  rectangular-ended  tcrsional 
specimens  shown  in  Figure  11.  At  the  same  tine  as  measurements  were  being 
made  to  determine  the  modulus  of  rigidity,  the  loading  on  the  specimen  was 
increased  rapidly  until  fracture  occurred.  Measurements  wore  made  between 
20  - 1200cC. 

RESULTS 


A.  Thermal  Expansion 

The  thermal  expansion  curve  using  the  sapphire  u 1 a la t Ion  parts  is 
shown  in  Figure  13,  The  coefficients  for  the  respective  temperature  ranges 
are  shewn  in  Table  T, 


Temperature 

25-C 

1000 

2^  - 

200 

20Q  - 

400 

LOO  - 

600 

600  - 

6C0 

800  - 

1000 

1000  - 

1200 

1200  - 

1300 

1300  - 

1400 

TABLE  I 


Coefficient,  of  Tlier:. jO.1 


J „ . 

LApUUO  iu'JU 


Coefficient  cf  Thermal  Expansion 

STo 

6.1 

7.1 

7.9 
3.7 

9.9 

11.5 

I0.3 

2.0 


(xI0~6/°C) 
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B.  Thermal  Diffusivity  and  Surface  Beat  Transfer  Coefficient 

The  surface  heat  transfer  coefficient,  Biot’s  Modulus  and  thermal 
dtffusivity  for  the  Goers  materials  is  shown  in  Table  II. 

TABLE  II 

Heat  Conduction  Data 

CATfT1 


Surface  Heat 

Thermal 

Temperature 

Transfer  Coefficient 

Biffusivity 

0 

200 

.30  cia’A 

39  x 10  -'em" 

35C 

.48  " 

29 

40C 

.55  " 

29 

500 

.65  " 

24 

ATB 

440 

.08  cm"‘L 

£9  x iO 

&r*fs 

T “3  M 

• -V 

19 

■'00 

.20  '• 

IT 

1000 

.32  " 

1.4 

1200 

1 . ♦» 
.40 

- T! 

/sec. 


Z.  M:dulus  of  "iasticity 

The  modulus  -,f  elasticity  of  the  Coors  material  from  rcorr. 
c 

temperature  tc  1TCC  C is  shown  ir.  Figure  14.  Table  ITT  represents  the 
e las*  i"  Lty  values  ever  the  sane  temperature  range . 

TAT LF  III 

ia'jouxus  oi  r.  uasn  ic  l ny 


Temperature  -C 


Modulus  cf  Elasticity  x 10°  psi 


25 

31.40 

on  A 

toW 

30.95 

400 

30.37 

600 

29.70 

800 

28.79 

1000 

27.10 

22  - 


D • Pc  1.5  son  * s Ratio 

Figure  15  represents  the  modulus  of  rigidity  values  obtained  between 
room  temperature  and  1000°C.  Using  the  nod  ulus  of  elasticity  values  from 
Table  III  and  equation  5,  Poisson!s  ratioevere  calculated  from  corresponding 
temperatures.  Table  IV  shews  the  values  obtained. 


TABLE  IV 
Poisson’s  Ratio 

Temperature  °G  Poisson’s  Ratio  ( /4  ) 


o r* 

o 

.27 

or\r\ 

w 

.22 

400 

.17 

6oo 

.14 

700 

.15 

•too 

.36 

V.  Tensile  Strength 


Ti.e  Len&llv  oUv.-glLs  'f  the  7 rare  materiel  ~e-' cured  by  +v 
torsional  method  arc  shown  in  Figure  16  and  Table  V. 


TABLE  V 

Tensile  Strength  psi 


Temperature  'C 

■ 11  ys  p " 

<o 

200 

toe 

unr* 

U w 

too 
1000 
1 1 . )0 
1150 
1200 


Torsional 

V>,cC’6 

j 9,600 

17,500 

iA  rrrn 

13,400 

0,500 

7,400 

6,300 

5,200 


These  data  are  in  good  agreement  with  those  found  using  the  other 
type  cf  experiment  i.e.,  direct  pulling  and  are  quite  a bit  simpler  to  run. 

Figure  17  is  a photograph  of  a torsional  specimen  which  is  typical 
of  the  type  of  fracture  obtained.  The  explanation  for  the  type  stress 
developed  is  given  below: 
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If  a rod,  fixed  at  one  end,  is  subjected  to  a torsion  resulting  in 
shear  / at  the  surface,  this  pure  shear  rtx y be  resolved  into  tensions 
( f rj  ) and  ( - c~  ) oriented  along  the  surface  of  the  rod,  perpendicular 
to  each  other,  and  at  45°  to  the  axis  of  the  rod.  The  relation  between 
/ aad  or  is 


a 

/•> 


/ - 
V 


I 


It  follows  from  this,  that  if  a helical  fracture  is  characteristic 
of  a rod  when  only  pure  torsion  is  applied,  the  fracture  oust  have  been  due 
to  the  action  of  the  resolved  tension  at  45°  to  the  axis  of  the  rod.  See 


Figure  18 


Therefore,  even  though  the  specimen  was  tested  in  torsion  which  would 
allow  for  shear  releases  to  occur,  none  were  found  - all  were  helical  tensile 
fractures.  Thus,  it  was  assumed  that  this  material  was  predominately  weak  in 
tension  that  failures  should  occur  in  tension  at  the  center  upon  heating 
the  sphere  and  in  tension  at  the  surface  upon  cooling.  Further  proof  that 
this  is  true  is  obtained  from  an  examination  cf  the  type  of  fracture  obtained 
in  the  balls  when  heated.  See  Figure  19.  In  all  cases,  the  fracture  was 
radial  from  the  center  leaving  a number  of  rosette  fragments,  indicating 
a tensile  fracture  initiated  at  the  center. 


! 

I 

i 


1 
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F.  Thermal  Shock,  Comparison  of  Experimental  and  Calculated  Values  - 

An  attenpt  has  been  made  to  compare  experimental  thermal  shock 
values,  ( /jT's)  vith  the  theoretically  calculated  values  obtained  using  a 
fairly  vide  range  of  (/  ') . The  experimental  values  were  obtained  from  room 
temperature  to  lhOO°C.  The  calculated  values  were  obtained  by  substituting 
into  the  correct  formula  for  the  { £ ) range  covered  by  the  experiment.  The 
substitutional  values  were  obtained  by  consulting  the  proper  constant  vs. 
temperature  plot  and  introducing  the  values  which  applied.  It  has  been  assumed 
that  a value  should  be  substituted  for  the  modulus  of  elasticity  ( £ ) and 
Poisson's  ratio  ( ¥)  which  corresponds  to  a mean  temperature.  i,e.,  a value 
from  the  respective  constant  vs.  temperature  plot  at  a temperature  midway 
between  the  initial  and  final  temperature  used  to  cause  50$  fracture  of  the 
balls.  The  surface  heat  transfer  coefficient  (S)  and  thermal  diffusivity  ( c-.) 
was  substituted  which  was  obtained  for  a nearly  similar  experiment  which  had 
caused  failure  of  the  ball;  i.e.,  if  50$  of  the  one  inch  balls  failed  upon 
heating  with  a starting  temperature  or  25°C  and  a final  temperature  of  722 cC , 


then  the  (E)  and  ( ,-f.  ) values  were  found  by  the  unsteady  state  method  for  the 
temperature  difference  having  one  half  the  final  temperature  of  J22°C  and 
the  sano  starting  temperature.  The  coefficient  of  expansion  ( di  ) was 
obtained  from  the  slope  of  the  straight  line  joining  the  expansion  values  for 


the  starting  ana  fiuai  temperature.  The  tensile  strength  (£*)  was  obtained 


using  the  tine  to  maximum  stress  to  determine  the  temperature  and  thus  the 
strength  that  must  have  been  exceeded  to  cause  failure. 

It  is  evident  that  the  above  described  procedure  for  introducing 
the  proper  "constants"  into  the  thermal  shock  relationships  is  open  to 
question.  It  seems  quite  evident  that  one  should  take  some  value  for 
substitution  which  is  interned iate  between  storting  and  final  temperatures. 
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Ecrwever,  the  exact  position  of  this  value  can  only  be  assumed.  The  half 
temperature  values  are  probably  as  realistic  as  any  that  might  bo  substituted 
for  - and  £ . The  reason  for  selecting  the  temperature  and  thus  the 

time  for  the  strength  data  from  the  tine  to  maximum  stress  values  may  not  be 
obvious.  Failure  or  fracture  of  the  ball  upon  heating  is  known  to  take  place 
by  initiating  a tensile  fracture  at  the  center.  The  temperature  of  the  area 
where  failure  occurs  nay  be  closely  estimated  in  the  ball  by  taking  the 
temperature  from  the  'heating  curves"  of  the  semi-infinite  cylinder  for  the 
tine  where  failure  occurred  in  the  ball  (of  Ihe  same  size).  Then  using  this 
temperature,  the  strength  may  be  obtained  from  strength  versus  temperature 
curve.  Upon  cooling  the  time  to  maximum  stress  is  very  short  thus  the 
temperature  selected  to  use  is  that  of  the  surface  film.  The  temperature 
of  this  film  would  be  near  that  of  the  final  medium.  In  both  the  case  of 
heating  and  cooling,  one  must  consider  more  than  Just  the  area  of  the  surface 
cr  center,  for  nearly  all  parts  of  the  body  contribute  to  the  strength. 
Therefore,  a value  was  substituted  which  was  intermediate  between  this  one 
and  the  mean. 

Following  the  system  set  forth  above,  the  (r,  T*s)  and  ( r~  ' ) 
were  calculated  for  heating  nnd  c joling  conditions  in  salt  and  heating  in 
r;ir.  The  r.;1ntod  ol  T ) va  lues  may  be  compared  with  the  experimental 
values  by  -referring  to  Table  VI. 


TABLE  VI 

Experimental  nnd  Calculated  Thermal  Shock  Values 


1 

j£ 

Jk 

2 

3 

Heating  in  Salt  (Calculated) 

736 

648 

559 

448 

352 

Heating  in  Salt  (Experimental) 

722 

6oo 

575 

540 

500 

Heating  in  Air  (Calculated) 

X 

1442 

1400 

1135 

1032 

Heating  In  Air  (Experimental) 

X 

1344 

1228 

1117 

950 
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TABIE  VI  (Cont.) 

Experimental  and  Calculated  Thermal  Shock  Values 

1 JjA  if  2 3 

Cooling  in  Salt  (Calculated)  736  648  559  448  352 

Cooling  in  Salt  (Experimental)  250  230  X X X 

/ 

Time  to  maximum  stress  ( C ' ) values  "ere  calculated  for  each 
condition  that  could  be  checked  experimentally.  These  values  also  may  be 
compared  with  the  experimental  values  by  referring  to  Te^e  VII. 

TABLE  VII 


Experimental  and  Calculated 

Time  to 

Maximum 

Stress 

Values 

n 

J. 

if 

if 

2 

3 

Ueat ing 

in  Salt  (Calculated) 

? 

IE 

16 

29 

53 

Heating 

in  Salt  (Experimental) 

- 

12 

17 

20 

95 

Heat ing 

in  Air  (Calculated) 

X 

27 

36 

60 

107 

Heating 

in  Air  (Experimental) 

X 

4o 

77 

112 

250 

Disease:  cri 

CF  RESULTS 

A comparison  of  experimental  and  calculate 

■d  ( T 

1 s ) and 

( 

shows  only  fair  agreement  in  light  of  all  tests  conducted.  However,  it 
should  be  emphasized  here  that  this  investigation  has  endeavored  to  go 
further  than  *uet  to  compare  order  of  magnitudes,  but  has  calculated 
numerical  values  for  comparison  with  experimental  tests* 

It  would  appear  that  the  experimental  heating  values  in  salt  were 
toe  high  compared  with  the  calculated  values  and  too  low  in  light  of 
calculated  values  for  the  cooling  cycle.  This  situation  would  suggest  that 
perhaps  the  ballB  were  received  with  some  nonuniform  stress  along  their 
cross-section.  If  the  surface  of  the  ball  was  under  tension  and  the  center 
in  compression  as  received,  when  the  ball  was  heated  to  cause  fracture,  the 
theroo-tireM  developed  would  first  have  to  reduce  the  compression  in  the 


WH'.'  MT» 


■vraan 


If 
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center  before  starting  to  develop  the  required  tension  to  cause  fracture. 

This  would  result  in  an  overall  larger  stress  ana  thus  a greater  temperature 
difference  to  cause  failure.  The  same  initial  stress  would  cause  the  cooling 
temperature  difference  to  be  too  small.  To  determine  if  this  were  a possible 
cause  for  the  conflict  between  experimental  and  calculated  values  a number 
of  balls  vers  placed  ir  cr,1f' pr  and  slovlv  to  1500°C  and  held  for 

8 hours.  These  balls  were  cooled  slowly  to  relieve  any  stress  which  might 
have  been  present.  Then  a number  of  these  bails  were  testea  to  determine 
their  (d  T),  There  was  very  little,  if  any,  difference  in  the  resulting 
T)  from  this  experiment  over  the  original  value.  From  this  test  it 
was  concluded  that  there  were  no  initial  stresses  present  in  the  balls. 

One  may  Ieoh  to  all  of  the  "constants"  substituted  in  the  thermal 
shock  relationship  and  question  the  procedure  used  in  their  selection. 

However,  the  largest  question  undoubtedly  may  be  raised  regarding  the  strength 
and  heat  conduction  values.  Strength  ir.  particular  is  a most  illusive 
property  to  determine.  Two  methods  were  used  to  determine  strength  involving 
two  sizes  and  techniques.  Tim*  direct  pulling  experiment  is  an  indication  of 
entire  cross-section  strength  whereas  the  torsional  experiment  probably 
indicates  the  strength  more  as  a surface  property.  The  transverse  rupture 
test  might  be  a better  indication  of  the  proper  strength  here,  however,  it 
does  not  indicate  possible  weak  shear  strength.  The  size  factor  should  not 
be  ever-looked  also.  The  size  cf  the  thermal  shock  call  is  larger  than  the 
gage  section  of  either  of  the  test  specimens  used  to  determine  strength.  It 
is  possible  that  the  size  relationship  here  is  in  poor  agreement.  Also,  the 
surface  in  contact  with  the  test  specimen  may  influence  the  strength  value 
obtained.  All  strength  measurements  were  made  with  air  as  the  surface  contact 
medium.  Perhaps  the  strength  of  the  specimen  in  contact  with  the  salt 
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(especially  c r the  cooling  cycle  where  surface  is  so  important)  is  strongly 
Influenced  by  the  surface  contact  of  salt. 

The  surface  heat  transfer  coefficient  and  Biot’s  modulus  are  most 
difficult  to  measure.  The  manner  in  which  the  experiment  is  run  may  strongly 
influence  the  values  obtained.  Therefore,  it  is  important  that  as  nearly 


similar  conditions  as  possible  be  used  for  both  the  teat  shock  test  and  the 
experiment  which  derives  the  values  used  for  (E)  and  ( ) , It  is  difficult 

to  establish  the  proper  boundary  condition  f expe  riment  such  as  the  one 

run  in  a salt  1-j.th,  The  nature  of  the  heat  transfer  from  the  salt  to  the  ball 
involving  surface  films  etc.,  complicates  the  measurement  of  the  surface  heat 
transfer  coefficient.  The  size  of  the  specimen  has  an  equal  effect  on  the 
size  of  ( , ) as  dees  the  heat  transfer  coefficient.  Tt  is  possible  to 

change  the  size  of  the  specimen  and  thus  change  the  values  of  Biot’s  modulus 
by  many  times  even  for  the  same  temperature  difference.  The  way  in  which  the 


size  of  the  ball  changes  the  temperature  difference  causing  failure  is  oiiown 
I::  Figure  20.  Ac  the  size  of  the  bail  is  decr^asort  the  temperature  difference 
causing  failure  increases  rapidly.  Accordingly  it  follows  that  if  the  size 
is  decreased  sufficiently  *ho  ( ci  7)  will  become  so  large  that  it  is  impossible 
t'-  cause  failure  of  the  ball  under  practical  conditions.  This  is  the  situation 
fcur.d  using  thr  "to  inch  '•  a'  1 in  the  sir  radiation  medium,  Aetna lly , the 
cenditieu  -_-i‘  plastic  flow  is  reached  with  this  small  ball  which  releases  the 


stress,  before  failure  can  occur.  In  other  words,  the  body  is  no  longer 
elastic. 


— 2^  m 

SUMMARY 

A method  has  been  developed  for  studying  the  thermal  shock 
characteristics  of  a brittle  substance.  The  method  consists  of  a single 
cycle  test  of  unsteady  state  nature.  Tvo  testing  conditions  have  been 
selected  - one  having  a rather  high  surface  heat  transfer  coefficient  in  a 
liquid  bath  and  the  other  having  a small  finite  surface  heat  transfer 
coefficient  in  an  air  bath.  These  two  conditions  are  at  either  extremes 
regarding  the  thermal  Bhock  usually  given  a substance  in  practice. 

The  only  fair  agreement  found  in  the  calculated  and  experimental 
data  indicates  that  further  investigation  is  necessary.  The  importance  of 
certain  factors,  such  as  tine  *•:  maximum  stress,  which  was  found  to  be  in 
rather  good  agreement  for  the  sain  c'.th  heat  transfer  cannot  be  over -looked. 
There  are  many  applications  in  the  high  temperature  - high  stress  field  in 
which  the  concept  of  time  to  maximum  stress  r.igr*-  wr-H  ne  c;-.anined . For 
example,  in  the  case  where  rci-'at'd  high  temperature  heatings  are  made  on  a 
refractory  piece,  the  cycling  might,  be  arranged  so  that  the  time  to  maximum 
stress  was  iv_ ver  reached  for  the  particular  heating  cycle  - although  the  ( J T) 
was  higher  Uteri  that  necessary  to  cause  failure.  Much  is  to  be  learned  from, 
this  type  oi  study  vnich  v~y  Ur  -ppliid  to  actual  situations..  I*  -»«*+•  >*• 
emphasized,  however,  that  this  work  has  teen  conducted  on  one  i logic  set  of 
conditions  and  the  factors  found  here  do  not  necessarily  carry  over  into 
other  sit'iatienr. . 
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FIG.  1 SURFACE  AND  CENTER  NON-DIMENS'ONAL.  MAXIMUM  STRESS 
VERSUS  HEAT  TRANSFER  FOR  A SPHERE. 


FIG.  3 MOLTEN  SALT  FURNACE. 
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FIG.  4 PERCENT  OF  ONE  INCH  BALLS  FRACTURING  UPON  HEATING  IN  SALT  VERSUS  TEMPERATURE 
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FIG.  5 THERMAL  SHOCK  FURNACE  - AIR  TO  SALT. 


FIG.  7 HEAT  TRANSFER  APPARATUS  — AIR  RADIATION  USING  ONE  FURNACE. 
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FIG.  8 HEAT  TRANSFER  APPARATUS  — AIR  RADIATION  USING  TWO  FURNACES. 
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FIG.  10  SONIC  MODULUS  OF  ELASTICITY  APPARATUS. 


FIG.  11  TORSIONAL  APPARATUS. 
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FIG  15  MODLLUS  OF  FRIGIDITY  CURVE. 
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